Broadband Faraday Isolator 
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Driving on an analogy with the technique of composite pulses in quantum 
physics, we propose a broadband Faraday rotator and thus a broadband optical 
isolator, which is composed of sequences of ordinary Faraday rotators and 
achromatic quarter-wave plates rotated at the predetermined angles. 

© 2012 Optical Society of America 
OCIS codes: 230.2240, 230.3240 



1. Introduction 

Optical isolator (optical diode) is a device that allows 
the light to pass in one direction and blocks it in the 
opposite direction. It is widely used in laser technology to 
protect lasers and amplifiers from the detrimental effect 
of the back reflected light, resulting in the fluctuations of 
frequency and the output power. 

The optical Faraday isolator is made of three parts: 
an input polarizer (polarized vertically), a 45° Faraday 
rotator and an output polarizer (analyzer, polarized at 
45°) (sec FigfT]). Light travelling in the forward direction 
becomes polarized vertically by the input polarizer. The 
Faraday rotator rotates the polarization by 45° and the 
analyzer then enables the light to be transmitted through 
the isolator. 

Light traveling backwards first becomes polarized at 
45° by the analyzer. Then it passes again through the 
Faraday rotator and, because of its non-reciprocity, the 
polarization is rotated by another 45° (in contrast to the 
quartz rotator, which would rotate the polarization by 
-45°). This means that after the second passage the light 
is polarized horizontally. Since the polarizer is vertically 
aligned, the light will be extinguished. However, due 
to the wavelength dependance of the Faraday rotation 
angle 9(X), it works efficiently only for a very narrow 
wavelength window. 

Recent advances in broadband (achromatic) retarders 
[EUl open the door for the realization of broadband Fara- 
day isolators, which we present here. We use the analogy 
between the polarization Jones vector and the quantum 
state vector [j-Q to propose a broadband optical isolator, 
which promises to deliver very high optical isolation and 
an efficient transmission in an arbitrarily broad range of 
wavelengths. 



2. Basics 

Any polarization system can be viewed as a composition 
of a rctardcr and a rotator : 8|. A rotation at angle 9 in 
the polarization plane is described by the following Jones 



Fig. 1. (Color online) Schematic picture of the ordinary 
Faraday isolator. 



matrix, written in the horizontal-vertical (HV) basis, 
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A retarder increases the phase of the electric field by 
a along the fast axis and retards it by —a along the slow 
axis, which can be expressed in the HV basis by the Jones 
matrix 
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Half- and quarter-wave plates (A/2 and A/4), are de- 
scribed by 3(7r/2) and respectively. 

For the Faraday rotator, the rotation angle is equal to 



6»(A) = v{X)BL. 
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where B is the induction of the external magnetic field, 
L is the length of the Faraday rotator, and ^ (A) is the 
Verdet constant of the material. In this paper we will 
focus on the most popular terbium gallium garnet crystal 
(TGG); its wavelength dependance can be described as 
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Fig. 2. (Color online) Wavelength dependence of the 
rotation angle of 45° TGG Faraday rotator tuned to 
780 nm. 

where A = 258.2 nm and K = A Ah ■ 10 7 ra ^ \ ^ . TGG 
has optimal material properties for Faraday devices (ro- 
tators and isolators) in the range from 400 - 1100 nm, 
excluding 470 - 500 nm (the absorption window). The 
dependence of the Faraday rotation angle on the wave- 
length for a TGG crystal tuned to 780 nm is illustrated 
in Fig. |H 

For most materials the Verdet constant decreases (in 
absolute value) with increasing wavelength: for TGG it is 
equal to -134 at 632 nm and -40 at 1064 nm. 
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This is the reason why Faraday isolator works only for 
a narrow range of wavelengths. However, the recent ad- 



vances in achromatic wave plates [l], may be used to 
make the transmission and isolation of the optical diode 
insensitive to wavelength. 

Let us consider a system of a single Faraday rotator 
of a rotation angle 9 sandwiched with two achromatic 
quarter-wave plates one rotated at the angle a and the 
other at /3 with respect to their fast polarization axes. 
The Jones matrix 3 for that system has the form 

Ze{a,P) = m(-m^/WmW-a)Z(7r/4)m(a). 

(5) 

for forwards direction, whereas for backwards direction 
it reads 

Ze(a,f3) = 9l(-a)a- 1 (^/4)^(a)9l(0)5H(-/3)a- 1 (V4)^). 

(6) 

In the Faraday magneto-optical effect the external mag- 
netic field induces an anisotropy of the refractive index 
for the light of left and right circular polarizations. This 
is why it is more convenient to work in the left-right cir- 
cular polarization (LR) basis. In this basis the Jones ma- 
trix obtains the form Jg(a,(3) = W~ 1 3e(a, /3)W, where 
W connects the HV and LR polarization bases, 



Explicitly, the Jones matrices in the LR basis are 
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for forwards and backwards direction, respectively. 



for forwards direction and 



3. Composite Faraday isolator 



xJ 8n _ 1 (ajy-i) Pn-i) 3q n (ajv, Pn) ■ (10) 
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Our objective is to construct an effective Faraday isola- 
tor that is operating over a broad range of wavelengths 
A. To this end, we replace the single composite element 
described by Eq. §E§ with a sequence of N elements, each 
with the rotation 9^ and quarter wave-plates rotated at 
angles (afe , (3k) with respect to their fast polarization 
axes. The Jones matrix of such compositions in the LR 
basis is described by (read from right to left) 
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Jfl N ( a N, Pn) Jfliv-i («JV-1, Pn~ 

xJo 2 (a 2 , Aj) Jfli (ai,Pi) . 



for backwards direction. We then expand the composite 
Jones matrices around the assumed rotation angle, 
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where k = f, b. In the next step we set J^'^o) = 

j9^(6o) = Jo, where Jo is the assumed Jones matrix of 
(9) the Faraday rotator, and nullify as many derivatives as 
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The performance of the optical isolators is quantified 
by its transmission (T) and isolation (D). Both of these 
quantities depend on the intensity of light measured after 
passing the optical diode in the forward and backward 
direction, respectively 
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where P^i and Py stand for 45° and vertical polarizers, 
| in) is the Jones vector for the light entering the isola- 
Iq has the meaning of the intensity of light at the 



tor. 



beginning of the Faraday isolator (we do not discuss the 
material losses) . The isolation is calculated with the for- 
mula 



D = -10 log 
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where L is the assumed maximum isolation (in dB) and 
B is given by Eq. (|13bl) . 

A. 45° Faraday rotators 

First, we will show how to construct a broadband 45° 
Faraday rotator Jo, which in the LR basis reads (up to 
a global phase factor) 
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using four composite elements of Eq. ([8]) with 8 = 45°, 
a rotation angle typically used in commercially available 
isolators. Numerical calculations revealed that it is im- 
possible to make our composite element to be broadband 
in both forward and backward directions at once, for a 
sequences of less than 4 elements. The overall Jones ma- 
trix (|10p for this sequence (in the LR basis) reads 



Jtt/4 (a4,A0 Jtt/4 ("3, Pa) 
xJtt/4 (0i 2 ,/3 2 ) J T /4 fil) 



(16) 



The composite matrix in backward direction can be con- 
structed by changing the order of the rotation angles (&&, 
Pk) and replacing the matrices representing quarter- wave 
plates with their inverses. We then use rotation angles 
(a.;, Pi) to set = 3^ = Jo and nullify the first 

order derivatives of both Jy^ and versus the error 
in the rotation angle of the Faraday rotator. We thereby 
obtain a system of nonlinear algebraic equations for the 
8 rotation angles (afc, Pk) (k = 1, 2, 3, 4), which we solve 
numerically. The resulting angles are listed in Table [TJ 



Table 1. Rotation angles (a^, (3k) (in degrees) for a 
broadband Faraday rotator with N = 3 [Eq. (JTTJ)] , 4 
[Eq. (HU)], and 5 [Eq. (|T51) ] constituent elements. 



Rotation angles (ai; f)\\ a 2 ; . . ;ajv;/3j\ 



(62.2; 16.6; 175.0; 84.3; 107.7; 152.2;) 
(59.3; 104.8; 37.3; 171.8; 149.3; 104.8; 37.3; 81.3) 
(175.9; 29.1; 42.9; 74.9; 45.8; 28.2; 15.6; 147.3; 3.5; 85.9) 
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Fig. 3. (Color online) Transmission and isolation prop- 
erties of the composite Faraday isolators as compared to 
the isolator based on a single rotator (black line), vs the 
Faraday rotation angle. The numbers on the curves re- 
fer to the sequences of 3 [Eq. ([!?))]■ 4 [Eq. ([HI)], and 5 
[Eq. (HI])] elements. 



The sequences of more than four elements (with 45° 
Faraday rotators) are also possible, however, they are 
of less importance as a number of the necessary optical 
elements will be too large for practical realizations. 
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B. Arbitrary Faraday rotators 

If one drops the requirement that the Faraday rotation 
angles must be equal to 45°, then it is possible to con- 
struct a broadband isolator composed of only three ele- 
ments. We have found that one possible set of rotation 
angles is then 7r/4, tt/2 and 7r/4 and thus the composite 
Jones matrix reads 

J/ = J tt/4 («3,#3) Jtt/2 ("2, A2) ("1,^1 ) ■ (17) 

The same can be done with five elements. Now the 
rotation angles 9k are equal 7r/4, tt/2, tt/2, tt/2, and tt/4, 
respectively. The composite Jones matrix in this case has 
the form 



100 



Jtt/4 («5, fib) Jtt/2 ("4, AO J,r/2 («3, /fe) 
Jtt/2 («2,^2) Jtt/4 (aiijSl) • (18) 

The mentioned rotation angles (7r/4 and tt/2) are con- 
venient because such Faraday rotators are commercially 
available. Nevertheless, the choice of alternative non- 
standard rotation angles is also possible. The numeri- 
cally calculated quarter-wave plates rotation angles for 
the above setups are presented in Table [TJ 

The transmission and isolation profiles for the case of 
4 composite elements using four 45° as well as sequences 
of 3 and 5 composite elements with 45° and 90° Faraday 
rotators are shown in Figs. [3] and 0] One can notice that 
for all these composite isolators both the transmission 
and isolation is far more efficient than that of single op- 
tical diode. Fig. [3] shows the performance of the optical 
elements under study with respect to the rotation angle 
of the Faraday rotators, whereas in Fig. |4] the analogous 
dependance on wavelength is presented. The asymmetry 
seen in Fig. U] stems from the fact that the Faraday ro- 
tation angle depends non-linearly on the wavelength (as 
seen in Fig. EJ). 

One should emphasize that the transmission curves 
were obtain under the assumption that there arc no 
losses, which is unavoidable in practical realizations. The 
main cause of the lower transmission are insertion losses. 
The losses related to the propagation in the optical el- 
ements would be of less importance. The mentioned 
sources of loss can only increase the isolation properties 
of the diode as they would mainly result in lower light 
intensity at the output. 

It is important to note that the parameters given in 
Table [T] are not the only possible. As the rotation an- 
gles of quarter-wave plates are our control parameters, 
they allow for an arbitrary manipulation of polarization. 
The particular choice of the solutions will depend on our 
requirements. 

4. Conclusions 

We have presented a simple method to construct broad- 
band Faraday isolators with the use of Faraday rotators 
and quarter- wave plates only, with a transmission band- 
width of over 200 nm and an isolation bandwidth of about 
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Fig. 4. (Color online) The same as Fig. [3] but vs the 
wavelength, for narrowband 45° and 90° Faraday rotators 
tuned to 780 nm. 



50 nm. They allow to manipulate polarization by vary- 
ing the the rotation angle of the quarter- wave plates. The 
advantage of this isolator is that it is robust against vari- 
ations in the magnetic field, crystal length and temper- 
ature. An experimental implementation with standard 
optical elements available in most laboratories should be 
straightforward. 

We conclude by pointing out that recently, some sug- 
gestions for a non-magnetic optical isolation where pro- 
posed [ni-Gi- It seems that the application of the pre- 
sented approach should be also possible in those realiza- 
tions of the optical isolator. 
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